
ARR No. E4L21

—.. —.. . . .. . . .

NATIONAL

. . -. . . .

ADVISORY COMMITTEE

ORIGINALLYISSUED

December 1944 as
Advance Restricted Report E4L21

KNOCK-LIMITED POWER OUTPUTS FROM A

USING INTERNAL COOLANTS

I- MONOMETHYLAMINE AND DIMETHYLANKNE

By Donald R. Bellman, W. E. Moeckel, and
John C. Eward

Aircraft Engine Research Laboratory
Cleveland, Ohio

,..

~tiAtiA”: ‘:;
,...

.— . ,:’,

WASHINGTON

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

E -228

.



3117601364 83W)
——— ._. ___ ____

WI!IONALADvIsoRr ccM41TTm IOR AEIK)NMXl?ICS

,. ... .. . ,.,-~, -, J.-’ -“ ‘ AIYVAmERHmm!ED “REPcm!

. .:.
KIRXK-~P OWEROUTKITSl R3d ACIKREMItRE ..
,.

“ usmGRmRNAL ‘cook. ” - “.”:.-
1 -liX?OKEZ&AmWAND

“.
. . DmmmmIm . . . .. ..-.”

-EY.Donald Il:B@Uuan, W. E. Mosckd, yind .. “ “ “ : .“
JohnC. EvvarLI .

. .

An investigationwas conductedto detemdne the”k&ck-l@te&
powerobtainableby ln~ectingwater solutionsof monmethylemine
and dlmethylemlneas Intern&lcoolantsintoa CFR engineusingAN-F-26,
Amendqent-2,fuel. Approximately saturatedsolutIm.swere used-
whichresultedIn”32 percentby weightof monmethylmlne in water
and 27 percentby weightdlmethylamlnein water. The internelcool-
entswere.in~ectedin the followingpropotiions:waterend the .
monwnethylemine-watersolution,O.X and 0.50poundper poundof &l;
d-thylemlne-water solution,0.25,0.50,and OJ75poundper pound of
fuel● In addition,a test was conductedwith 0.50pounddlmethylamlne’
water solutionper poundof fuelto detezmlnethe effecton engine
performanceof increasingthe exhaustback pressureat M@ po~r. . .
outputs... .’

_ * Imestlgation, an indicatedmean effectivepressure
of 967 poundsper squhreInchwas attainedat a fuel-alrmtio of
0.092 when usinga 0.75pod Mmsthylamlne-watersolutionper pound
of fuel. For fuel-alrratiosbetweenO.C5emd 0.10,.Increasingthe ~
ahauet pressurehad littleeffectcm the knock-lhnllmdI.ndlcated ,. “ .
mean Offqctivepressure.

... . .. . ..

Im?Fmucmoli .

The effectof injectingwater Into.the titake-alrs78* of an ~“
alrc1’@ftepglnehas been lnvestl~tedby many laboratori~s.The- .
Investlgaticm showthat considerableincreasesin knock-lhd,ted. ~
power (references1, 2j and 3) euilteliperatuz%-llmlteapower (refe-
rences4 and 5) are possible. Additionalimprovmmnts in. performance
havebeen notedwhendxtmres of waterand water-tiolubleCcanpolmas -

. ..



ratherthan wateralonewere used. Varlouelaboratorlashave te8tea
methyland ethylalcohol;Heron &d Beatty (reference6) tested
isopropylalcohol;the laboratoriesof ShellDevelopumt Ccmpany
testedmono09thylemlne ,“ findingit much more effectivethemmethyl
alcohol;and the labomtorlee of theNACA testedmethylalcohol,
et~l alcohol,smmoniumhydroxide,I.W~th@*e , dlmthylsmlneJ
and trimethylemlne.(Seereferences7 and 8.) The uee of water-
solubleas well as fuel-solubleantllmockadditivescan thereforebe
appliedtowardthe Improvementof aircraft-engineperfmmance.

Tests of threealiphaticmines In a CFR enginehavebeen con-
ductedat theNACA AircraftEn@ne ReeesrchLaboratoq as pert of a
generalInveetlgatlonof the antiknockeffectivenessof Internal
coolants. The prelimi~ test8J whichare presentedin reference8,
lndlcatedthatmonamethylamlne-waterand dimethylemine-watersolu-
tionsare extremelyeffectiveIn rais~ the Imock-ltmltedperfozm-
ame of AN-F-28fuel. !l%er-e of 0~er8.tiOnof thoseteetsJ hommr J
was Mmlted to a fuel flowof 30 poundsper hour end an Imlet-alr
pm ssureof 150 Inchee of mercuryabsolute. After the LhnItswere
raisedto a fuel flow of 80 poundsper hour and an Inlet-alrpressure
of 225 Inchesof mercuryabeolute) additionalteeta were run during
whichtwo four-holecylin&erswere crackedat an Indicatedmean
effectivepreseureof 700 poundsper squareInch. The reseemh pro-
Jectwas continuedduringMay and June 1944 aftera specially
machinedtwo-holecylinderhad been obtained. Data obtainedwith
the new cylinderand the extendedfuel-flowand air-flowllmttsare
presentedherein.

ENGINE AND A~ EQuIPMEt?T

A standardCFR high-speedcrankcaeeequippedwith copper-lead
main bearingsJ a thickwalledwrletptiJ end an extra heavyalwninum
pletonwas used for thesetests. The cyllnderwas slrdllarto a
standardCm caeting exceptthat the bounc~-pln hole was tapped
with an 18millimeterspark-plugthreadat an angleof 25° to the
verticaland the Insidecornerbetweenthe cylindricalwell and.the
flat-tophead was machinedwith a l/4-inchfilletto preventatrese
concentration.Soaltm-mba exhaustend Intakevalveewere installed,
The 100-horsepowerdynemmeter was connectedto the engineby mane of
a couplingsnd a bell flangelmlteddirectlyto the engineflqwheel.

The fuel-flowand air-flowsystemswere the seineae deecrlbed
In reference8 exceptthat a two-cylinderin~ectionpump deliverea
fuel to themfOla. The * solutionswere forceddirectlyfrom
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the supply dmm to the rotemeter“byei16w-pr&~. & supply.apd. “.“,
thenpmeed througha circulation.pmp and a coeer to a hla
pzmq~ ~ectim-pump. The“internalooolap*waa ~tezmltten~” .
inJectedinto the Intakemanifoldthough a i~~ -8*” ncqwle .
beglmlng at 110°A.T.C.on the Intake”stmkeq When wateFwas “ ‘“ ““”
used for the coolant,it was takendlximtly’‘frcmthe Mty mains
to the rotmeter meaeurlngtthe Internal-coolantflow.

A dual ocmibustton-alreqp’k!xnwas””&teCllea “&&eby inlet-e@
pressuresup to 190 5nchesof mercuryabsolqtqwere.obtainedwi”th@.:,
pressureregulator;inlet-alr.preesure#@+m 190”to 2S inches of ,
mercuryabmlute were obtainedby throttlingdirectlyf’rdnthe * ““
mPPIY “ Air measurement~”~iw takariah described@. referense8
exceptthat the Ma doe differentialprassumitiwere read on a
manometercontain+g tetmbranoex insteadof witer. . ““ ‘ . ..

. . . .. .

A m?ecisil -k pl~ tn&mted in the slante%tip“cylinder
‘.

hole iguitedthe charm i T@ same sparkplug~s usqd fofi.aU “
testsand did not require“cleanlngd.urlngthe”tests. Blmck was
detectedby a magnetktrlctlonpickupunit @ *S rq~ordad.on a . .“
cathode-rayoscild.”ograph..

●

. . .

A sirge -tankwith. a vblmne of ~ miblcfeet wm placedIn the “...
exhaust line ve~ clotie to the erglm. The mrge tank gavea smooth
controlon the exhaustback pmmure and reducedsurg.hg~en atmoe-
phel”iCback preSSllZ’0WaS deSi?.’Od.

The internalcoolantstested were: (1) water, (2) a solution
of 32 ~ercentby weightmoncmethylsmjneIn water,and (3)a solut~on
of 27 percentby weightdlmethylmuineIn water. The amine-water,
solutionswere obtainedcamnerclally..@wereof a tec~cal m. ●

Each test cmeisted of a seriesof Irnock-llmlterlruns covering
the nomad.rangeof fuel-alrratios. A few of tie trotswere cut
shortbecause the MLet-pmasum limit of 22S Inches of mercm
absoluteor the fuel-flowlimltof 80 poundsper hour was reached.
=@& tetis& fol.lx _ cOM.ltim weremalntahed

:

.
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En@nespeed, ran . . . . . . . . . . . .. O . . . . . . ..HIO
Ccmpresslonmtlo . . . . . . . . . . . . . . . . . . . . . ..”7.0
Sparkadvanoe,deg B.T.C. . . . . . . . . . . . . . . . . . .. 30,
Inlet-alrteunpezwdmre)q. . . . . . . . . . . . . . . . ..~O
CooUmttemperature):~”=-: . .-”s.“”.: . ... . . :----. .“; 250,’
011 temperature,% ”.::.:.”. . . ..” . . . . . . . . . ..”’.MO

: . .r”.. . . .’.” .
The ratiobetwen fuel flowmd Internel-coolahtflowwas

mlntalmd by using. a ‘rotsrneter” “In eeioh“Mm andb~ pmpmtlauatbly
ohangln the two flowm..The tuel flowwas checked.withan autcmqt$c.
fuel-weighingstand. The fuslhotemeterwas celilmatedagsdmt the
fiael-wei@lngstand,and the coolantrotemeterwas slmllarlycali-
bratedfor eaoh Internslcoolant.““Asinglebatoh of J!N&F-28~. : .
Amendment-Zjfuelwas”used:forall testsi ,.

. . . .
..

0 . .
~~011 OF BE&ti : ““

“.
The lmook-llmltedlndlcatedmean effectivepres~, the lmlet-

alr pressure,the Indioatedspecificfuel mnmqptlon} and the
Indicated~clfic liquldcdnsm@ton as fum$tionsof fuel-alrratio
are presentedin figures 1, “2, and 3 for strai@t fuel and for fuel
plus the tnternalcoolantsaddedin the proportionof 0.25,0.50,.
and 0.75poundper pound of fuel. All contributions”to the hsat of
combustionby the 4nternalcoolants~re entirelyneglectedwhen

. .

. .

-.. ”

.“

. .

. .

the fuel consmptionswere ccmputed.All tests~m-run at approxl-
matelyatmosphe-fic exhaust preesure exdept one which”was run at an
edlauskpressureequal to helf the,inlet-ti..pres~. The results
of this test,in which0.50pound ~thylemhe solutionwas iqlectedm .
per pound fhel, are presentedIn figkw 3. The ?@.@ive powers
resultlngfran the use of Internalcoolantswem calculatedfrm tJM
cumes in figures1 to 3 and are givenfor severalfuel-airratios
in table1. . . .

The curvefor strai@ fuel shown.on flgllreS1-to 3 rSP~E_ts .
the ave~ of seventests,one of which-s run on l+e samed+y as ‘J .
one or more of the internal-coolaqttestsd”It:~s necessaryto .

ave~ these,sewencurvesbecauset@qyubre-pot:in closeegremmnt~ ‘ ““
premunab~ becauseof the effecton the engineof the er&amelY high ‘ “ “
powersthatwere atta4ed betweenwe checkteqts. The -m
variationfromthe mean curveof indicatedmean e#ective pressure
was about12 poUndsper squareimh near the-btdiclyhxnetricmlxture“
ratioand decm”asbdto about.3 po@s per squarehob at 8 fuel-alr“ . “
ratioof O.105 spd.hl@er. “ .. . .. ..“

.. ... . , ,.,, . ,. ,, .-, .
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. .Thepower c~ee In flgums l(a) and 2(a) demonstratethatWith
mtcr ‘thegreatqstpower Incraageswere obtainedat or near the “

... ,s%&t.chlome+mloz&gtum. -Mo. .The.-mine solutims,.on-theother
“hapd,gave th~lrgreatestincreasesin the rich-mixtureregion. For
each Internalcoolant-ml mtio, the aminesolutionsellowedhl@er
-ck-limlted powersand lowerindicatedepeciflofuel ccne’gmptlons..

,. at.$’uel~.alrratlOsbdOW 0.09 thanaia.water. Exceptfor a smsXl “
XW@Ol&.~ the stoichl~~c -mixtureratio,the titlon of
0.25pcuud of ei~er * s~ution p~tted greaterhmck-li@ted
.powers.thm aid the aadltlcnof 0.50poundof waterper poundof’
me+ ●

. .

The l@ecM& of 0.75poundMme*lamine-water taolutitiper
poundfuelpemitted the attainmentof a lmck-limltedIndicated
meem effectivepressureof 967 poundsp.= squareinch,correspond.lng
to 3.* indicatedhorsepowerper cubic-inchdlsplace?ient,at a fuel-
alr ratioof 0.092. Completionof the testwas preventedby the’
failureof a cylinders-bud; the resulting vibrationof the C~l*
crackedthe Intakemanifold. The engln.e,whichhad undergone
55 hours of operatim s-e an over~fi, was Inspectedand the f61-
1* cOnaitiO~ WSrS ~tia:

.
1. The aluminum piston was quitecleanand the *S ml% dJ.

free withno f~ing of the oil slots. (Seefig. 4.)

2. The cylinder showed about0.001inch of wear throughout the
entire length of ring travel..

3. There -S excessive mar of the rings,which~rs of ths
keystonet~e used in the F-4 ratingengine. The top cmrSSsion
~ was worn.m much that Its compressedgap Increased0.029inch
In additionto the Increasepemlttd by the cyli@er wear. The
IncreaeesIn the compressed-p of the other*s wem allgbtl.y
less.

4. .Ths*st-v~ve crown was pittedand the stemwas ~h3a
and Ecul?fd,but its seat.was in fairlygoodcondition ZW intake
valvewas Unaffectti, (Seefig. 4.) .

Additiond testswere undertakenafterlargercyllndertiuds,
a new izrb4kemanlfOla,and a new pi~tcnhad been installed.The
cyllnderwall failedat an jmd.lcated~an effecti~epressurepf
895 poundsper squareInchduringa test using0.75pound
Mmethylemlna-watersolutlon”pekpoundfudl-.-“-‘-”-- “‘ “ .”” “-
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In the M&power mnges reachedin thesetests,the knock
lhlt becameqtitebroad ~ WBS ~ to d$~ern. . M one lnstanca .

the boost.was accidentallyincreased20 poundsper squareIn@ .abcjve
the Pressure ~~ lmock began, and the ensuing knock trace “m the
Owwlscope dld not seam unduly heavy. -Noprelgnltlonwas encoun-
teredduringthe tests. Afterflringoccureaonly In the testsusing
0.75pounddlmethyltim-wa,tersolution@er pound fuel and 0.50pound
~thylemlne -watersolutionper poundfuel In the fuel-air-ratio
ranges.frcmib .046to 0.080and fim 0.074to 0.085,r6spectlvely.
Z S~lEUC testsreporteaIn reference8, much afterflrlng.anL..
preignitionoccured,as well as frequmt spark-plugfailures. The .
minimization“of the- d~fflcultiesmay have reaulteafrcm the use
of a dlffer6nttype cyllnder,Spmk plug,or both.

..
Increasingthe exhaustback pressurehad littleeffecton the

Imock-limiteaIndicateamean effec~lve&mssure at fuel-a& ratios
between0.05 and 0.10,.as shownin figure 3. For fml-alr ratios
higherthan 0.10,rough”rmnlng and severedecreaees in power out-
put as .capared with the atmospheric back-pressure test were
observes.

T@I dumst temperaturesweremamma for the teat using
0.50pounddimethylemine-watersolutionper pound fuel and for one
of the straight-fuelcheckteats. Thesetemperaturesare plotted
-t fuel-airratio in figure5. Althoughthe knock-limltea
powerobtmnea in the.test US* M@hylsmlne rangedfrczn1.6 to
3.2 timesthat obtainmlwith straightfuel,the exhausttemperatures
remainedlowerexceptin the lean region. There is reasonto
believethat the temperaturereadingsare low inamuch as the themm-
co@e haa only a singleShlelato preventradiation,but this error
8h0tianot affectthe relativepositionof the two curves. The
thermocoupleend the shlelawere destroyea~n the enginewas opera+
ting at a lmock-llmlteaindicateamean effectivepressureof about
800 poundsper squareinch.

The requiredindicateaspecificliqtiaconeumptima,for the
powersattalnwi,can be estlmateafor the Internalcoolantsfrczn
figure6. For a givenlmcck-limlteaIndlcateamean effectivepres-
sure,0.25poundof the aminesolutionsgave appreciablylowerlndi-
cateaspecificligtiaconmuqptlonsthandia’either0.25 or
0.50poundof water. For each rich-mdxture rangeof knock-limltea
performances,the followlngcombinationsof internalcoolantsand
coolant-fuelratioswere observesto givethe”lowestIndicate&spe-
cificliqtiaconswtions:

—- —. - —.



Imm m——m

... A- -

liACA

‘.

ARRlfo.E4L21
.

.. ..-. ,*.

7

-.---
---- I*P -q”1 COZZWPOA&.: In** ~m~t -

I
internal

(lb/f3q In.)i mininml isle coolant-

-bf$f4@~

.1 ~
.,*1 .

. ..—— -.. ,r@G
,

.1..
Belth 220 0.44 to.o.5s lmne “..

..... . .
-.....-.

220 to 370 0.53 to 0.63 MoXlcmstl@miQeSolU-, “.0;s ..
stlon “. .-j;

370 6 .M .0.63to 0.71:Dimet8hylamin#Solutim”..::50

1
440 to 960 0.71 to 1.10 Dhuethyleuninqaoluti~ .-:..75.“-

,.. ...”——- — ....— —.. — —.——. —- . .- ——..
..- . ....

The steep- slantof the power ourves for the testis. using .
0’.50and 0.75poundof aminesolutionper poundof *1 indicates.
that stillhigherpowersare feat3ible.(Seefi~s.2, >3,mm% 6;)

.. . .
. .

SumfARYarimxml’s’ “
“.”

The resultsof knock-l&ite&@.stsof monomethylamln6-waterand
dimethylami+e-watersolutionsas internalcoolantsin a Clll””engine
may be mmmarized as follows: .“

i. When 0.75pounddimethylsmine-watersolutton,per poundof
fuelwas used,a lmock-limited.Imllcatedmean effectivepressure of
967poundper squaretih, correspondingto 3.05 indicated.horse-‘
powerper cubic+noh displacement,wa~ attainedat a fuel-airratio
of 0.092. Completionof the testwas prevented by engine failure.

2. For any attainedpowerlevelthe indicatedspecificllqui@
conswnptionma appreciablelowerfor the amine-yater.solutionsthhn
for wateralone. .,-.. -..

3. Increasingthe exhaustback pressurehad littleeffecton
the book-limitedindicatedmean effectivepmsmre at fuel-air
mtios between0.05and 0.10. Yor fmel-airratioshigher than 0.10,
rou@ runningand severedecreasesh poweroutputas caupamd with
the atmosphericbaok-pressure testwere observed.

AiroraftEngineResearohLaboratory,
MationalAdvisory Camittee for AeronauticsS

cloVehnd, Ohio.
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TABLE.I - ~OCK-LIMITED

THE USEOF
-.,. . .

[CFR engine;oompreaaion

9

POWERSRESULTINGFROM

COOLANTS ..

ratio,7.0; inlet-airtempera-
ture, 2500-F;coolanttempera&are,”250° F; spark~vance,
30° B.T.C.; ing~nespeed,-2500rpil - -

Internal Weight of Imep (fuel + Internal coolant)
coolant coolant hen (fuel ~one) .-.

per pound‘ Fuel-air ratioa
of fuel

(lb) 0.05 0.06 0.070.08 0.09 0.10

None ---------1,00 1.001.00 1.00 1.00 1.00

Water 0.25 ,----1.25 1.211.2111.161.08
I

l-w
.5Q I----.1.481.48

32 percent 0.25 1.781.46 1.66
monam3tl@kmlns- .50 2.22 2.162.18
water salution

27 percent 0.25 1.72 1.42 1.51
dimethylamine- .50 1.6211.612.02
water solutim I .75 llo13911m9712m6~
——
27 percent 0.5G
dimethylamlne-
water sglutlon
with exhamt

back‘ress’5_l-_

1.821.56 1.92

f

1.37 1.24
1.75 lx
2.17 2.14

1.59
2.16
2.83

2.11

1.57

2.24
3.32

G

I

1.13

1.60
2.10

1.55
2.33
----

ZiF

aAny contribution of the amines to the energy of cambustlon
was entfiely neglectedIn ccmputingthe %el flows.

%he Indloated mean effective pressure for this test (back
pressure
with the
straight

equal to half the ‘titake pressure)is compared
indicatedmean effectivepresssurefor a test of
fuel (atmosphericback pressure).

NationalAdvisoryCcmmittee
for Aeronautics

----
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(a) Intake value and major-thrust side of piston.

Figure 4. - Piston and values after 55 hours of operation.
Removed and photographed after engine breakdown at a knock-
Iimited indicated mean effectiue pressure of 967 pounds per
square inch.
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(b) Exhaust value and minor-
thrust side of piston.

Figure 4. - Concluded.
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